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Abstract-- A new parameter was recently developed
by Jeffery M. Fisher (M.S.) for use in Active
Structural Acoustic Control (ASAC) which showed
potential for achieving better sound radiation
reduction than current parameters.
This
parameter, known as “Vcomp,” uses spatial
derivatives to approximate radiation mode shapes
and was shown analytically to produce results
comparable to control of radiated sound power and
volume velocity on a simply supported plate.
However, Fisher’s experimental tests were less than
encouraging. This paper details efforts being made
to improve the experimental results and to better
understand the challenges of using Vcomp for active
structural acoustic control.
I. INTRODUCTION
The field of Active Noise Control (ANC) has rapidly
expanded in recent years with many advances coming
in control algorithms and a better understanding of the
proper placement of error sensors and secondary
sources. However, ANC is limited in its effectiveness
due to the physical nature of sound waves and
difficulties in matching wave amplitude and phase
speeds over large areas. One potential solution which
has gained considerable interest in recent years is to
control the sound producing object (structure) instead
of the resulting sound waves. This structural based
approach to active noise cancellation has been termed
Active Structural Acoustic Control (ASAC).
Active Structural Acoustic Control is very similar in
concept to Active Noise Control in that both seek to
sense the amplitude and phase of a propagating wave
and then emit another wave of equal amplitude and
opposite phase with a secondary source. Ideally these
two waves would interfere and perfectly cancel each
other out, creating a zone of silence. However, early
researchers in the field of ANC discovered that merely
sensing and cancelling the phase and amplitude of a

sound wave (sound pressure levels) could produce
local sound cancelation but not global cancelation.
This led to a search for other parameters to see if better
global results could be achieved by minimization of
these new parameters. Two common parameters now
used in ANC situations are volume velocity and
energy density. Minimizing these quantities provide
much better global attenuation than minimizing
pressure levels1.
When ASAC first began to be studied, researchers
quickly looked for a similar parameter which could be
used to achieve global results. Elliot et al2,3
investigated controlling volume velocity and achieved
modest results for lower frequencies. Sung and Jan4
minimized the sound radiation power from plates and
similarly achieved modest results. Both of these
quantities were originally derived for ANC situations
and were adapted for use in ASAC experiments.
In 2010 Jeffery M. Fisher developed a new parameter
specific to structures for use in ASAC situations5.
This new parameter was termed “Vcomp” and was
shown analytically to produce results comparable to
control by minimizing radiated energy density and
volume velocity for a simply supported plate. Since
Fisher’s initial work, research has been done on
several fronts to improve Vcomp and extend it for use
in clamped, circular, cylindrical and ribbed plates.
Additionally, research has been done on ways of
improving the experimental use of Vcomp on actual
plates so that this can be used in practical applications.
This paper reviews one major step in improving the
experimental results and an additional insight into the
limitations and capabilities of Vcomp when it is used
on square structures. A brief derivation of Vcomp will
be given for the readers benefit and then the new
research will be presented.
II. DERIVATION OF VCOMP
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Fahy and Gardonio6 show that there are two
common methods for determining the total radiated
sound power from a plate. One of these is the method
of independent radiation modes. These modes radiate
independent of structural modes and present a better
understanding of how sound is radiating from a plate.
Each mode shape is dependent upon the size of the
plate and the frequency of interest but is independent
of boundary conditions. This independence from
boundary conditions makes controlling these modes
desirable for ASAC situations where it will not always
be possible to determine how a real life plate is
bounded. Thus any parameter based off radiation
modes could potentially turn into a universally used
metric for all situations.
Fisher noted in his work that the first four radiation
modes of a simply supported plate shared many
similarities with the squared spatial derivatives,
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The first radiation mode can be viewed as a form of a
transverse velocity, the second and third as rocking
and the fourth as twisting. Thus by measuring these
spatial derivatives on a plate it is possible to get an
approximation of the first four radiation modes; which
four modes contribute the most to sound radiation.
Fisher further noted that by combining all four
derivative terms into a single parameter and using
scaling factors, it was possible to get a uniform value
at all positions on the plate. Thus a measurement of
this composite velocity (Vcomp) could be taken at any
point on the plate and one would know the composite
velocity at all points on the plate. This is highly
desirable for control situations. An example of the
uniformity of the Vcomp measurement is shown below
in Figure 2. Please note the scale bar on the side of the
plot which shows the relative magnitude differences
on the plot. These small differences are likely due to
round off error from Matlab.
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which represent the transverse, rocking in x, rocking in
y, and twisting velocities. A plot showing the first four
radiation modes and the spatial derivatives is shown in
Figure 1.

Figure 2: Uniformity of the First Vcomp Mode
The scaling factors (𝛼, 𝛽, 𝛾, 𝛿) were chosen by taking
the derivatives of the deflection equation for a simply
supported plate
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Figure 1: Radiation Modes and Spatial Derivatives
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and comparing common multipliers for all equations.
The final equation for Vcomp for simply supported
plates was
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with the scaling factors given below in Table 1.
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Table 1: Simply Supported Scaling Factors
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This final equation defines a new parameter which can
be used to control sound radiation from a plate. Fisher
was able to take this formulation for Vcomp and create
a simulation which calculated Vcomp at a single point.
Two point forces were then added to the plate, one to
disturb the plate and one to control it. Control was
achieved by running an algorithm to minimize Vcomp
by changing the phase and magnitude of the control
force. Sound power measurements were then
calculated with the control on and off in order to
measure the average attenuation of controlling Vcomp.
This was then compared to the control achieved by
several other common ASAC measurements. Results
are shown below in Figure 3.
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difficulties when he moved to experimental tests. The
focus of my research therefore has been both to refine
the mathematical model of Vcomp and explore ways
of improving the experimental results. This has been
done by working on several different areas of research,
two of which will be detailed in this paper; optimizing
spacing of the sensors to compensate for noise levels,
and investigating the control of degenerate modes.
III-A. Sensor Spacing
One of the main challenges for getting good
experimental data is to accurately measure the spatial
derivatives at a single point. Many methods were
explored to measure these derivatives but in the end
the best solution was determined to be an array of four
closely spaced accelerometers. The signals from these
accelerometers were then combined to form numerical
approximations of the transverse, rocking, and twisting
velocities using finite difference methods. A schematic
of the experimental set up is shown in Figure 4.

Figure 4: Experimental Set Up
The equations used to calculate the spatial derivatives
are:

Figure 3:Noise attenuation of Several Control Methods
III. IMPROVING VCOMP
As was stated above, Fisher was able to
achieve success with his simulations but encountered
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This method creates a good approximation of the
spatial derivatives but is limited by the spacing and
accuracy of the accelerometers. As is true with any
finite differencing methods, the closer the two
measurements points are to each other, the more
accurate the data will be. This means that the four
accelerometers should ideally be placed as close to
each other as possible.
However, all accelerometer (and all physical
measurements) are subject to noise in the signals
which can cause a problem if the noise is on the same
order of magnitude as the measurements. In actuality,
since several of the Vcomp terms are formed by
subtracting half of the accelerometers readings from
each other, the noise could have a significant effect if
it is on the same order of magnitude as the difference
between any two accelerometer readings. This means
the spacing between accelerometers should be
increased in order to maximize the magnitude
differences between the two accelerometer readings.
The optimal distance between the accelerometers is
thus influenced by two opposing forces. Finite
differencing is more accurate when the measurement
points are closer, but noise is less of a factor when the
measurement points are farther apart. It was thus
necessary to strike a balance between these forces and
create an optimization routine which would find the
best spacing between the accelerometers.
A new simulation was designed to calculate Vcomp on
a flat plate using finite differencing instead of taking
the numerical derivatives (as had been done with
previous simulations). The simulation calculated the
transverse velocities at a grid of points on a plate and
then used equations 4-7 to calculate the four spatial
derivatives at the center of the four points. Vcomp was
then calculated from these derivative terms and the
finite difference Vcomp was compared to the
analytical Vcomp calculated at that point with the
previous simulation. This simulation was then put into
two for loops in order to step through different
frequencies and accelerometer spacings. The final
average difference between the finite difference
method and the analytical method of calculating
Vcomp was then plotted on a 3-d plot in order to get a
visual representation of where the optimal spacing
would be.
In order to simulate noise in the accelerometer
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readings, random noise was added to the transverse
velocities at each point. The magnitude of this noise
was directly correlated to the measured noise levels in
the actual accelerometers used to run the tests. This
was done by measuring the signals coming from the
accelerometers and taking an FFT of the signal. A
ratio between the maximum amplitude and the average
noise levels was then created by dividing the max
amplitude (at the driving frequency) by the average
amplitude of the noise. A standard deviation of the
noise ratio was also calculated. This information was
used to create random noise with the same magnitude
ratio and standard deviation in the simulation.
This allowed the creation of a plot which shows the
optimal spacing for the accelerometers for each
frequency with noise levels taken into account. These
plots are dependent upon the individual accelerometers
used and the sensitivity and noise levels inherent in
any given system. Thus a new optimal spacing should
be calculated any time new equipment is used. An
example of one of these plots is shown below in
Figure 5. The x, y, and z axes are the frequency,
accelerometer spacing, and percent difference between
the finite difference (with noise) simulation and the
analytical solution, respectively.

Figure 5: Optimal Accelerometer Spacings
This plot shows very clearly there is an optimal
spacing for the accelerometers. If the accelerometers
are too close, the percent error skyrockets due to noise,
and if they are too far apart, the percent error slowly
creeps up from finite differencing errors. The plot also
4
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shows that the optimal accelerometer spacing is
frequency dependent. Thus if one knows the exact
frequency to be attenuated, an exact optimal spacing
can be calculated. If a range of frequencies are to be
attenuated then an average must be made over the
range of interest. This will most likely be the case for
the applications where Vcomp will be used. It should
be noted that the optimal spacing calculated for use in
author’s present experimental set-up is different from
the spacing Fisher used in his work and thus the author
should expect better experimental results.

Dan Hendricks
Figure 6 shows a square plate whose sides are 0.8 m
long and whose 1-2 and 2-1 modes are located at the
same frequency. The resulting degenerate mode shape
has vastly different spatial derivatives than any nondegenerate modes. Since Vcomp is made up of these
spatial derivatives, the Vcomp parameter thus became
less uniform and less effective at controlling sound
power radiated. Simulations were run to calculate
sound power radiated when degenerate modes were
present and an example is shown in Figure 7.

III-B. Degenerate Modes
The majority of noise emission from a
vibrating plate comes when the plate is excited at one
of the natural modes. During experimental tests using
a Scanning Laser Doppler Vibrometer (or SLDV), it
was determined that there are cases when two of these
natural modes occur at the same frequency. This most
often comes when the plate dimensions are either
equivalent to or integer multiples of each other. For
example, a square plate will have two modes at the
same frequency every time the mode numbers are
reciprocals of each other (ie, a 1-3 mode and a 3-1
mode). For non-square plates where the side lengths
are integer multiples of each other, two non-reciprocal
modes can also have the same frequencies (a 1-4 mode
and a 2-2 mode).
When two modes occur at the same frequency, a new
mode shape is formed by superimposing the different
individual mode shapes on top of each other. An
example of this is shown below in Figure 6.

Figure 7: Power Radiated With Single Control Force
On this plot, there are normal modes at 7, 30, and 68
Hz, with degenerate modes at 19, 38, 49, 64, 76 and 95
Hz. It is clear to see that Vcomp does a good job of
attenuating the sound power radiated from normal
modes but little to no attenuation is achieved at the
degenerate modes. In some places there is actually an
increase in sound power radiated at these degenerate
modes.
This phenomenon was studied and explored in an
effort to find a method of still using Vcomp to control
these modes. After several attempts, it was decided to
study the effect of adding another control force. This
was done because a degenerate mode adds an
additional degree of freedom to the plate and so it was
assumed adding an additional degree of control would
help solve this problem. A plot showing the power
radiated using two control forces is shown below in
Figure 8.

Figure 6: Degenerate mode
5
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Once the set-up is complete, graphs similar to Figure 3
will then be replicated using experimental data instead
of analytical. These graphs should validate the
usefulness of Vcomp and show that it is an additional
option for sound attenuation in ASAC situations.
Significant progress has also been made on applying
Vcomp to clamped plates, as well as ribbed and
cylindrical shells. The mathematical models have been
developed and simulations are currently being run to
determine the sound attenuation possible from
controlling these parameters. More work is needed
before these are ready to test experimentally.

Figure 8: Power radiated with Two Control Forces

V. Conclusions

This plot shows that adding another control force does
allow Vcomp to effectively attenuate the sound power
radiated at both the normal and degenerate modes.
There is significant attenuation at every degenerate
mode, with exception of the mode at 49 Hz, which is
the 2-3 and 3-2 mode. Results similar to this were
observed for several different control and plate
configurations. This lends one to believe that
controlling a degenerate mode is possible if an
additional control force is added to the set-up.

This paper details some of research currently
being done in order to improve the new ASAC
parameter, Vcomp. It has shown one method for
improving the experimental results by optimizing
accelerometer locations and has explored some of the
limitations of using Vcomp on certain structures.
These improvements are important because Vcomp
has the potential to be used in many active noise
situations where space is limited. Current ASAC
parameters such as energy density require a large
number of sensing devices, often spaced at significant
distances away from the structure itself. This is bulky,
expensive, and often impractical where space is
restricted or hard to get to. Vcomp avoids all these
issues because its footprint is limited to the plate itself
and thus requires very little space and equipment. Thus
even though Vcomp does not produce significantly
better results in noise attenuation than other
parameters, it will still be a valuable resource due to its
easy implementation and small physical footprint.

IV. Future Work
Although all the work presented in this paper
has been done with analytical simulations and models,
significant work has also been going on in making
experimental measurements of Vcomp. Important time
has been spent measuring vibrating plates with high
sensitivity equipment to see if Vcomp is as uniform on
an actual plate as is predicted experimentally. This was
done by setting up a grid of measurements points and
measuring the acceleration at each point using a
Scanning
Laser
Doppler
Vibrometer.
The
experimental uniformity of Vcomp was validated
using this SLDV and equations 4-7. The SLDV
measurements of Vcomp were then compared to
accelerometer data to show that the accelerometer data
is just as accurate as the SLDV.
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Steps are now being taken to get a filtered X least
mean squares control algorithm working on an actual
active noise control system so that attenuation
measurements can be taken. These measurements are
being set up in a reverberation chamber where clean
sound power measurements will be easy to measure.
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